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Abstract  
Management of fluvial flood risk in the UK is undergoing a paradigm shift, with a change in emphasis 
from solely working with structural defences to considering catchment-based measures which 
attenuate flood runoff. Natural Flood Management (NFM) is promoted as a method that can reduce 
flood risk through the alteration, restoration or use of landscape features. Here we highlight the 
potential to manage runoff locally in the rural landscape using NFM by targeting flow pathways and 
utilising floodplains and riparian zones. Using two case study examples from the UK, we show that by 
accumulating dispersed small-scale storage in small catchment areas (<10 km2) can assist in 
attenuating flood runoff. However, there is currently a lack of evidence of measure effectiveness at 
larger catchment scales and for managing extreme flood events.  Nevertheless, there is a strong 
evidence base to suggest many of these measures deliver a range of different ecosystem services if 
installed in the correct location in the landscape. 
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1. Introduction 
It is widely acknowledged that our climate is changing (Fowler and Kilsby, 2003) and as a result we are 
experiencing more fluvial flooding (Milly et al., 2002, Otto et al., 2018) and this is a trend set to 
continue (Guerreiro et al., 2018). Generally, extreme flood events are primarily driven by climatic 
factors, whilst land use change is a secondary factor (Soulsby et al., 2017) but is an important factor 
for smaller and more numerous flood events. Land use has changed considerably in many areas across 
Europe with land drainage and agricultural practices dramatically altering water flow paths (Hall et al., 
2014). This change is exemplified by the changing landscape in the Tarland catchment, Aberdeenshire, 
UK over a century and a half (Figure 1). The greatest change occurred between 1832 to 1867 during 
the British agricultural revolution, when the reaction to the requirement of increased food was 
extensive land drainage and improvement (Figure 1, A and B). Such landscape changes can affect 
water infiltration into the soil (Graves et al., 2015) and therefore flood-generating processes 
(O'Connell et al., 2007). Moreover, pressures within our catchments are likely to intensify in the 
coming decades. Previous population expansion and land use exploitation means only 2% of Europe’s 
rivers and floodplains can be classified as truly natural (European Commission, 2006).  There is an 
urgent need to protect and enhance these existing natural areas but also look at ways to restore parts 
of the remaining managed system considering wider ecosystem services (e.g. habitat diversity, 
sediment management). 
[*FIGURE 1* - see final published article at: https://doi.org/10.1080/14702541.2019.1610571]  
Management of fluvial flood risk in the UK is undergoing a paradigm shift, with a change in emphasis 
from solely working with structural defences to considering multiple catchment-based measures 
which attenuate flood runoff. Natural Flood Management (NFM) is promoted as a method that can 
reduce flood risk by the alteration, restoration or use of landscape features (e.g. SEPA 2016). It is an 
approach that is now embedded in governmental policies for flood risk management, for example 
Flood Risk Management (Scotland) Act 2009; Section 20 - places responsibility upon several 
government bodies to co-operate to promote NFM techniques (Scottish Government, 2009) and  has 
been considered to be of high importance for future flood risk management planning in other parts of 
the UK (Environment Food and Rural Affairs Committee, 2016). With just over 100 NFM actions 
identified in Scotland’s current Local Flood Risk Management Plans (Scottish Government, 2019), 
significant NFM work is now taking place across Scotland and indeed across Europe (see European 
Commission, 2016). However, the scientific evidence surrounding their effectiveness for managing 
flood risk at multiple scales is limited (Environment Agency, 2017). This also applies to social research 
surrounding the barriers to implementation and governance of measures (Holstead et al., 2017, 
Waylen et al., 2018). Therefore, it is a developing and recent scientific field that is focused on key 
terms and subject fields (Figure 2). The publications from this discipline are interdisciplinary as is the 
subject. However, it is clear the academic research behind a catchment-based approach specific to 
flood management is now rapidly growing internationally (albeit in dispersed terminology depending 
on the type of catchment approach; Figure 2) and terms such as Green Infrastructure are well 
established in the context of urban systems.  
The aim of this paper is to review and summarise NFM measures currently being developed in Scotland 
and the rest of the UK using temporary storage pond measures as examples. We first do this by 
exploring the principle of attenuating flood flow through temporary water storage areas. The paper 
then summarises two example case studies in the UK where these types of interventions have been 
installed and then highlights future wider challenges related to delivery and upscaling.  
[*FIGURE 2* - see final published article at: https://doi.org/10.1080/14702541.2019.1610571]  
 
 
2. Attenuating flow through temporary water storage within catchments 
There are three broad approaches to implementing NFM in catchments. These are increasing 
woodland cover, restoring rivers and floodplains and managing runoff (Environment Agency, 2017, 
SEPA, 2016). Here we focus on attenuating storm runoff by adding new storage areas to the 
catchment. New storage can be added, for example, by woodland creation (e.g. cross slope shelter 
belts) which helps to improve infiltration thereby improving water storage in the soil (Stratford et al., 
2017, Bathurst et al., 2018). River and floodplain restoration by removing or setting back 
embankments aims to add storage within and around the river channel (Wilkinson and Addy, 2017). 
Land and runoff management aims to improve water storage in the soil but also provide extra storage 
on the soil surface (e.g. wetlands, temporary storage ponds). All these measures vary spatially and 
temporally in their effectiveness. The effectiveness of an approach depends on its location in a 
catchment as the effect on flow pathways and time-scale of water retention are spatially variable. The 
effectiveness of a measure also depends on its maturity.  For example, planted trees need time to 
establish and therefore its effectiveness, for instance, ability to intercept rainfall (depending on 
species and landscape in which it is located), generally increases with maturity (see Stratford et al., 
2017). On the other hand, runoff pathway management options, such as Runoff Attenuation Features 
(RAFs), are point based measures that are designed to work from the moment they are constructed. 
RAFs include measures such as temporary storage ponds in fields, small-scale offline storage areas 
next to channels, swales and sediment traps (see Wilkinson et al., 2010, Quinn et al., 2013) and this 
measure type will be more fully developed in the following two case studies.  
Judgment on NFM measure placement is also based on considerations of their additional benefits (e.g. 
improving water quality, increasing biodiversity, capturing eroded soil), implementation effort and 
trade-offs. One important trade-off is balancing the land take for measures designed to store water 
with the use of the rural environment for food production. For example, tree planting on lowland 
arable farms, may conflict with agricultural production and require large subsides to fund (Spray et 
al., 2015). In contrast RAFs usually have limited impact on farming productivity and can capture eroded 
fine sediments during a storm e.g. Wilkinson et al. (2014), but require maintenance such as sediment 
removal to ensure effectiveness.  
   
3. Examples of enhancing temporary water storage: the Belford Burn and 
Tarland Burn catchments 
Temporary flood storage areas vary substantially in volume. Large-scale flood storage areas (which 
could be classed as >10,000 m3, in line with potential changes to UK reservoirs legislation – see 
Wilkinson et al., 2013) are a common grey infrastructure measure utilised by flood planners 
(Environment Agency, 2018). However, these structures are usually very costly, can take the land out 
of production and require more management. In many cases the land is bought from the landowner.  
However, one ongoing debate is whether many smaller temporary storage ponds (for example, 
individually <10,000 m3) could cumulatively deliver the same benefit for flood risk management. Many 
small-scale features could be effective for managing low to medium sized flood events e.g. nuisance 
flooding (these are relatively frequent low severity events which can result in damage and disruption 
to property and infrastructure e.g. Moftakhari et al. 2018) or in small-scale catchment areas which 
have a local population at risk of flooding. Small-scale temporary storage ponds have been used widely 
internationally for managing soil erosion risk e.g. Evrard et al. (2008). More recently, they have been 
utilised in small-scale catchments where downstream communities are at risk of flooding e.g. 
Wilkinson et al. (2010), National Trust (2015). Empirical evidence is required from multiple small-scale 
features to understand their effectiveness in targeting and reducing flood peaks and consequences at 
larger catchments scales. To address the challenge posed by this ongoing debate we summarise 
empirical findings from two case study examples where small-scale temporary storage measures have 
been installed and monitored. 
In the Belford catchment, UK (6 km2) an NFM approach was used in combination with limited flood 
defence engineering close to and within the town (summarised in Quinn et al., 2013, Wilkinson et al., 
2014). Temporary storage ponds are one type of measure that were utilised, and these were emplaced 
in key runoff pathways along with offline storage areas next to the main channel. Individually, these 
measures are volumetrically quite small (storage volume ranging from ~200 to ~2000 m3), relatively 
inexpensive (e.g. in the order of £1000s to build) and only hold water for a short period of time (12-
24 hours). Empirical hydrological evidence has been collected from these features and the wider 
catchment and utilized in a pond network model (highlighted in Quinn et al., 2013, Nicholson, 2014) 
to simulate the impact of adding a series of ponds to the catchment.  Quinn et al. (2013) suggested 
that a network of 35 offline storage areas, in series in a 4 km2 catchment area amounting to a total 
storage of 19,250 m3, can provide approximately a 30% reduction of a large flood peak (generated 
from a rainfall event with a return period of 1:12 years [over 24 hours]). This is a rare example in which 
the model was informed by hydrological empirical evidence. Importantly, these features do not impact 
significantly on farming productivity as they are located on existing buffer zones or are dry for most 
of the year.  
At Tarland, UK (Figure 1), recent interest in temporary storage ponds, informed by the knowledge 
gained from Belford, led to the construction of a small earthen bund on a major overland flow pathway 
(Figure 1). This flow pathway connects an upslope contributing area of 32 ha. The capacity of the 
feature is ~250 m3. The primary aim was to reduce the risk of sediment rich overland flow entering 
the village (cf. Evrard et al., 2008) (Figure 3A). Most of the year this feature is empty (Figure 3D) 
therefore not impacting farming practices although the bund could be raised slightly to improve 
storage volume. However, when the soil is fully saturated and the rainfall is prolonged and intense, 
the pond reaches maximum capacity and overflows (Figure 3C). Figure 3E highlights the ‘Storm Frank’ 
(December 2015) and intense storms at the beginning of 2016, which resulted in significant flooding 
in NE Scotland (see Marsh et al., 2016). Notably here, it was the period following ‘Storm Frank’ which 
resulted in the feature overtopping for more than a few hours (Figure 3C) as a result of the upstream 
soils being fully saturated (Figure 3B).  When a pond is full the attenuation function is less effective as 
it only provides a smaller degree of velocity reduction owing to drag and longer flow pathways (e.g. 
Wilkinson et al., 2010, Quinn et al., 2013). In order to mitigate the runoff produced by storms such as 
the period shown in Figure 3, a larger network of ponds is required which are designed to still have 
available storage at the peak of each event. The amount of storage needed increases further if we are 
to upscale the number of features to minimise downstream flooding. For example, Metcalfe et al. 
(2017) suggested that in a 29 km2 catchment, 168,000 m3 of extra storage would be required to 
attenuate peak flow in order to prevent flooding in a 1.5% annual exceedance probability flood. They 
suggest such a scheme would involve the installation of a vast number of RAFs.  
[*FIGURE 3* - see final published article at: https://doi.org/10.1080/14702541.2019.1610571]  
 
4. Future challenges 
In this paper we have highlighted case study examples which demonstrate that temporary storage 
NFM measures could be used to reduce flooding locally. The delivery of NFM across the UK (e.g. 
Environment Agency, 2017) and internationally (e.g. European Commission, 2016) is starting to gain 
momentum at a number of sites.  Within Scotland, for example, over 100 future NFM actions have 
been identified (Scottish Government, 2019). However, for the wider delivery and sustained 
management of existing NFM measures there are several remaining challenges. Therefore, the 
following points are important considerations for achieving progress in the delivery and management 
of NFM in the United Kingdom over the coming decade:  
• A recent review by the Environment Agency (2017) highlighted that there is good evidence to 
suggest NFM can manage the impact of flooding at small-scales, up to ~ 10 km2 mitigated 
catchment area  for some empirically informed cases (e.g. Belford, Northumberland), or during 
nuisance flood  events. However, the effectiveness and acceptance at larger scales and for 
managing large flood events is still relatively unknown and there is still a lack of well-documented 
peer-reviewed results which tackle transferability issues (Dadson et al., 2017, Schanze, 2017). 
There are a number of catchment scale experiments across the UK which are starting to address 
this challenge by improving the evidence base at larger catchment scales (e.g. Eddleston, Scottish 
Borders – see Black et al., 2018 ) but further research is required.  
• A flexible approach to managing flood risk at the catchment scale is needed; a hybrid ‘middle 
ground’ approach between more natural measures and grey/traditionally engineered features 
could be effective.  This could consist of small-scale features in the source areas of catchment, 
coupled with strategically placed larger scale floodplain features (such as washlands). At larger 
catchment scales, the level of storage required will be large depending on the scale and catchment 
attributes but could be simplified into ‘football’ stadia sized quantities (~1 million m3). For 
example, Quinn (2016) roughly estimated storage of around 500,000 m3 per 100 km2 for 
attempting to mitigate the impacts of the ‘Storm Desmond’ floods of 2015 in the Tyne valley, N.E. 
England (this figure is likely to be higher for other catchments as the North Tyne catchment is a 
regulated catchment owing of the presence of Kielder Water a large water supply reservoir). These 
new storage areas would need to be strategically distributed across the landscape and targeted 
in the correct sub-catchments through modelling exercises (e.g. Owen, 2016) to ensure flood 
peaks are desynchronised and not to exacerbate flooding (see Lane, 2017).  Also, this volume of 
new storage would require a large area of land and as previously mentioned our landscapes are 
under pressure to deliver other services such as food production. However, delivery of this level 
of storage could be possible if these temporary storage areas are only utilised in times of flood 
and at other times could be used by other land uses (e.g. continued farming, recreation); 
 
• Therefore, good engagement with private landowners and communities is essential (e.g. through 
intermediary bodies or catchment advisors) for delivery of a catchment-based approach to flood 
risk management. However, challenges remain in how to deliver this in the long term (e.g. 
planning, maintenance and ownership of a measure) and how to compensate private landowners 
(Hartmann and Slavikova, 2018) as most of these measures are likely to be located on private land. 
It is critical we better understand these issues of working on private land and provide funding 
mechanisms which are long term.  These should not conform to political cycles but ideally should 
be generational, potentially as a payment for providing a public service, as ignoring such issues 
could result in measures being removed from the landscape.  
• It is also vital to remember that catchment-based measures which are installed for flood risk 
management purposes will also carry many other benefits to society. For example, in Scotland, 
there is growing interest in the whisky industry for using runoff pathway management measures 
to hold water and aid infiltration into the groundwater system to potentially improve low flows 
and manage water temperature (Fennell et al., 2018). Therefore, it is best not to view these 
measures purely for flood risk management but as part of an Integrated Catchment Management 
approach which aims to restore functions lost by land change for agriculture and infrastructure 
over the last few centuries. 
• Despite the lack of robust empirical evidence and uncertainties at larger scales for the impacts of 
NFM (Dadson et al., 2017), it is reasonable to assume that measures that offer some new available 
storage, slow runoff velocities whilst providing a range of wider ecosystem services (see 
Environment Agency, 2017) can be seen as positive for their other benefits. 
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